Abstract. Tumor-associated macrophages (TAMs) and their alternative activation contribute greatly to the development of hepatocellular carcinoma (HCC). Receptor-interacting protein 140 (RIP140) is widely expressed in macrophages and regulates macrophage-mediated energy metabolism, the inflammatory response and tumorigenesis. However, whether RIP140 is involved in the activation of TAMs has not been reported. In the present study, we determined the expression of RIP140 in macrophages after treatment with HCC-conditioned medium (HCM) for 24 h. We also analyzed the effects of RIP140 overexpression on macrophage polarization, invasion and apoptosis of HepG2 and Huh7 cells. Transwell and apoptosis assays were used to estimated cell invasion and apoptosis. In addition, we investigated the effects of RIP140 overexpression in macrophages on the growth of H22 cells by subcutaneous injection of H22 cells along with macrophages in BALB/c nude mice. Western blotting and qRT-PCR were used to detect protein and mRNA expression associated with the NF-κB/IL-6 axis in TAMs. Immunohistochemical and immunofluorescence staining were used to evaluate the protein expression of RIP140 or F4/80 in human HCC samples. The protein expression of RIP140 in peripheral blood mononuclear cells was detected by western blotting. Kaplan-Meier survival curve estimation of overall survival for patients with HCC was based on RIP140 or F4/80 expression in HCC samples. We found that HCM inhibited RIP140 expression and fostered the alternative activation of macrophages. RIP140 overexpression in TAMs significantly inhibited the alternative activation of macrophages by inhibiting the NF-κB/IL-6 axis in TAMs, and suppressed HCC cell growth both in vitro and in vivo. In addition, the protein expression of RIP140 in peripheral blood monocytes was significantly lower in patients with HCC than in healthy people, and this result was consistent with the expression of RIP140 in HCC samples. Furthermore, low RIP140 expression and high F4/80 expression were found to be closely correlated with shorter survival time of the patients with HCC.
Introduction
Hepatocellular carcinoma (HCC), one of the most prevalent human cancers, is the third leading cause of cancer-related deaths worldwide. Although there are diverse treatments for HCC, such as surgical resection, radiofrequency ablation, radiotherapy and chemoembolization, the prognosis of patients with HCC remains poor (1) (2) (3) . Thus, it is necessary to develop a deeper understanding of the molecular mechanisms to identify new molecular markers that can be used for early diagnosis and therapy of HCC, and to improve the outcome of these patients. Recent studies have focused on the important role of the tumor microenvironment in the progression, invasion and metastasis of HCC (4) (5) (6) . Tumor-associated macrophages (TAMs) are the most abundant cellular component of the tumor microenvironment, and they play essential roles in the treatment of cancers, such as pancreatic cancer and HCC (7, 8) . Previous studies have shown that TAMs are primarily characterized as alternatively activated M2-like macrophages, with high expression levels of peroxisome proliferator-activated receptor (PPAR), CD206 and arginase (Arg)-1, and low expression levels of tumor necrosis factor-α (TNF-α). In addition, M2-like TAMs play leading roles in immune suppression by interacting with stromal cells, which greatly contributes to HCC growth, invasion and metastasis (9) (10) (11) . These studies suggest that targeting the regulation of TAM polarization presents a potential therapeutic strategy for HCC. Receptor-interacting protein 140 (RIP140) is a nuclear receptor co-regulator that affects biological and pathological processes in the body, including energy metabolism, inflammatory response and tumorigenesis (12) (13) (14) . Previous studies have found that RIP140-mediated macrophage polarization plays an essential role in regulating the inflammatory response. Overexpression of RIP140 in macrophages promoted macrophages to an M1-like polarization and expanded the inflammatory response. Conversely, lowering the level of RIP140 in macrophages not only reduced M1-like macrophages, but also expanded alternative polarization and promoted endotoxin tolerance (ET), which relieves the inflammatory response (13, 15, 16) . However, the role of RIP140 in TAMs remains completely unknown.
Overexpression of RIP140 suppresses the malignant potential of hepatocellular carcinoma by inhibiting NF-κB-mediated alternative polarization of macrophages
In the present study, we demonstrated that RIP140 expression in TAMs plays a role in the growth of hepatoma cells, which is closely related to the prognosis of patients with liver cancer. Our data, presented in the present study, identified RIP140 as a potential target in HCC immunotherapy that may promote macrophage-mediated antitumor immunity.
Materials and methods

Cell lines and cell cultures.
Human HCC cell lines Huh7 and HepG2, and the mouse hepatoma cell line H22 were purchased from the American Type Culture Collection (ATCC, Rockville, MD, USA) and maintained in Dulbecco's modified Eagle's medium (DMEM; HyClone, Logan, UT, USA) with 10% fetal bovine serum (FBS) and 1% penicillin G and streptomycin in 37̊C humidified air containing 5% CO 2 .
Human subjects and isolation of mononuclear cells. Human HCC tissues were obtained from 60 patients. Peripheral blood specimens were obtained from 5 healthy volunteers and 5 patients. All the patients were pathologically diagnosed with HCC at The Second Affiliated Hospital of Chongqing Medical university. Peripheral blood specimens were used for the isolation of peripheral mononuclear cells. Mononuclear cell isolation was performed as previously described (17) . None of the individuals were positive for HCV or HIV. No chemotherapy, radiotherapy or surgical treatment was performed on these patients prior to obtaining blood specimens. Informed consent was obtained from all patients before the study was initiated. The present study was approved by the Research Ethics Committee of The Second Affiliated Hospital of Chongqing Medical university.
Macrophage preparation and lentivirus-mediated overexpression of RIP140. Peritoneal macrophages (PMs) were harvested from BALB/c mice 72 h after intraperitoneal injection with 2 ml of sterile 6% starch solution. The lentivirus-mediated PM overexpression vector containing RIP140 was constructed as previously described (12) . Lentivirus packaging and cell transduction were carried out as previously described (18) .
HCC-conditioned medium. H22 cells were cultured in serumfree DMEM for 24 h. The supernatants were collected and used as HCC-conditioned medium (HCM). PMs were cultured with different amounts of HCM or exposed to HCM for different time periods in 6-well plates. Briefly, different amounts of HCM were added into complete medium to keep the final volume at 2,000 µl. Therefore, the final percentages of the 0, 100, 200, 300 and 400 µl of HCM were 0, 5, 10, 15 and 20%, respectively.
In vivo tumorigenicity. Sixteen 4-week-old BALB/c nude mice were housed in a pathogen-free environment and used for the HCC xenografts. Xenografts were prepared by subcutaneous injection of H22 cells along with homologous PMs transfected with Lv-GFP-RIP140 or Lv-GFP-NC at a ratio of 4:1. Four mice were sacrificed every week, and the volume and the weight of the tumors were calculated. All experimental procedures were conducted in accordance with the Guide for the Care and use of Laboratory Animals and approved by our institutional ethical guidelines for animal experiments.
Cell apoptosis assay. H22 cells were harvested and washed with phosphate-buffered saline (PBS) 3 times after co-culture with PMs for 24 h. Then, an apoptosis assay was performed using an Annexin V-FITC/PI Cell Apoptosis kit (KeyGen, Nanjing, jiangsu, China). Briefly, a suspension (100 µl) of 5x10 5 H22 cells was incubated with 5 µl of Annexin V and 1 µl of propidium iodide (PI) at room temperature for 15 min. The apoptotic rate was determined by flow cytometry (BD Pharmingen, San Diego, CA, uSA).
Cell invasion assay. Cell invasion assays were performed in numerous studies. Briefly, 1x10 5 Huh7 or 1x10 5 HepG2 cells were added to the upper chamber of an insert coated with Matrigel (BD Biosciences, San jose, CA, uSA). Cell invasion was allowed to proceed at 37̊C for 24 h. Then, the upper chambers were washed with PBS 3 times, and the cells were fixed with methanol at room temperature for 30 min. After the cells on the inner surface of the filter membrane were removed, invading cells were stained with 0.1% crystal violet at room temperature for 15 min, and washed again with PBS 3 times. Images were captured and cells were counted using digital microscopy.
RNA extraction and qRT-PCR analysis.
Total RNA was isolated from PMs using TRIzol reagent (Invitrogen) according to the manufacturer's protocol. qRT-PCR was performed using SYBR ® -Green (Takara, Dalian, China) and an ABI Prism 7900 Sequence Detection System (Applied Biosystems, Foster City, CA, uSA) according to the manufacturer's protocol. The primers used were as follows: CD206 forward, 5'-GGGAC TCTGGATTGGACTCA-3' and reverse, 5'-CCAGGCTCTGA TGATGGACT-3'; Arg-1 forward, 5'-CCCCAGTACCAACAG GACTACC-3' and reverse, 5'-TGAACGTGGCGGAATTTT GT-3'; PPAR forward, 5'-TCCCATACACAACCGCAGT CGC-3' and reverse, 5'-GGGGTCATTTGGTGACTCTGG GGT-3'; TNF-α forward, 5'-GGATCTCAAAGACAACCA AC-3' and reverse, 5'-ACAGAGCAATGACTCCAAAG-3'; NF-κB forward, 5'-AGTGTGGAGGCTGCCTTGCGAATG-3' and reverse, 5'-TGGGCTTTCAAGACTGGAACGGTC-3'; GAPDH forward, 5'-CACCCACTCCTCCACCTTTG-3' and reverse, 5'-CCACCACCCTGTTGCTGTAG-3'. Data were normalized to the expression of GAPDH.
Western blot analysis. PM cells or peripheral blood monocytes were collected and lysed with radio-immunoprecipitation assay buffer [50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% (v/v) NP-40, 0.1% (w/v) SDS, 0.5% (w/v) sodium deoxycholate] containing protease inhibitors and phosphatase inhibitors, and cell lysates were centrifuged at 12,000 x g (4̊C for 10 min). Total cellular protein (80 µg) was mixed with a quarter of loading buffer [62.5 mM Tris-HCl (pH 6.8), 10% glycerol, 2% SDS, 2% β-mercaptoethanol and bromophenol blue], boiled for 5 min, and subjected to 8 or 10% SDS-PAGE. Proteins were transferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA, uSA). After the membranes were blocked with Tris-buffered saline containing 0.05% Tween-20 (TBST) and 5% fat-free milk, the membrane was incubated overnight at 4̊C with primary antibodies in TBST with 5% bovine serum albumin (BSA). The next day, the membranes were further incubated with the corresponding horseradish peroxidase-conjugated secondary antibody at 37̊C for 1 h and then washed 3 times with TBST. Band signals were analyzed and scanned using Quantity One Software (Bio-Rad, Hercules, CA, uSA) after incubation with an enhanced chemiluminescence reagent (Millipore). Anti-RIP140 (ab42126), anti-p-c-jun (ab32385) and anti-TGF-β (ab31013) antibodies were purchased from Abcam (Cambridge, MA, USA); anti-p-p65 (#3037), anti-p65 (#8242), anti-TRAF3 (#4729) and anti-β-actin (#3700) antibodies were all from Cell Signaling Technology (CST; Danvers, MA, USA).
Immunohistochemical staining. F4/80 antibody is a standard macrophage marker. Immunohistochemical staining was performed as previously described (19) . Briefly, human liver cancer (n=60) and subcutaneous tumor tissues (n=4) were fixed in formalin and embedded in paraffin, and 4-µm-thick consecutive sections were cut and mounted on glass slides. Then, the slides were first dewaxed in xylol and rehydrated in a 100, 95 and 85% graded alcohol series, with antigen retrieval in 0.01 M sodium citrate solution 98̊C for 15 min. Endogenous peroxidase activity was blocked with 3% H 2 O 2 -methanol and normal goat serum for 30 min. The human liver cancer tissues were incubated with RIP140 antibody (1:80; Abcam) or F4/80 antibody (1:50; Santa Cruz Biotechnology, Santa Cruz, CA, USA) at 4̊C overnight, and the subcutaneous tumor tissues were incubated with proliferating cell nuclear antigen (PCNA) antibody (1:100; Cell Signaling, Boston, MA, USA) at 4̊C overnight. The next day, the slides were washed 3 times with PBS and incubated with the appropriate biotin-labeled secondary antibody for 10-15 min. under high-power magnification (x400), micrographs of 5 independent microscopic fields of the stained cells were screened and captured using a Leica DMLA light microscope (Leica Microsystems, Wetzlar, Germany).
Tissue immunofluorescence. The expression levels of RIP140 and F4/80 in human liver cancer tissues (n=60) were measured by immunofluorescence. The experimental procedure was performed as previously described (5) . Cell nuclei were stained with 4' ,6-diamidino-2-phenylindole (DAPI).
Statistical analysis. Statistical analyses were performed using SPSS 17.0 software (SPSS, Inc., Chicago, IL, uSA). Differences were assessed for statistical significance by GraphPad Prism. All of the data are expressed as the means ± SD. Statistical differences between two groups were determined by Student's t-test. The Kaplan-Meier method and log-rank test were used to perform the survival analysis. P-values of <0.05 were considered to indicate a statistically significant result.
Results
HCC microenvironment inhibits RIP140 expression in TAMs.
H22 cells were cultured in serum-free DMEM for 24 h. The supernatants were collected and used as HCM.
Preliminary experiments revealed that the protein (Fig. 1A ) and mRNA (Fig. 1B ) levels of RIP140 in PMs treated with 10% HCM for 24 h were significantly lower than those of normal PMs. To evaluate the best length of HCM treatment and best concentration of HCM to induce the lowest expression of RIP140 in PMs, the protein level of RIP140 in PMs was examined by western blotting in concentration gradients (HCM 0, 5, 10, 15 and 20%) and time gradients (time 0, 6, 12, 24 and 48 h) (Fig. 1C) . As shown in Fig. 1C , the lowest level of RIP140 protein in TAMs was found in PMs treated with 10% HCM for 12 h.
Overexpression of RIP140 in TAMs inhibits HCC microenvironment-mediated TAM M2-like polarization.
Lentivirus transfection mediated RIP140 overexpression in PMs. To detect the efficiency of the lentivirus transfection, flow cytometry was used to analyze the rate of lentivirus transfection 96 h after PMs were transfected. A transfection rate of ~60% was observed in the negative control (NC) lentiviral transfection, and a transfection rate of 63% was observed in the targeted lentiviral transfection (Fig. 2A) . Western blotting was used to evaluate the protein expression level of RIP140 in PMs. As expected, RIP140 protein expression in PMs with targeted lentivirus transfection was significantly higher than that noted in the control groups (Fig. 2B) . using qRT-PCR, RIP140 mRNA expression was determined in the PMs. As expected, RIP140 mRNA expression in the PMs was also markedly increased in the targeted lentivirus transfection group (Fig. 2C) .
Previous studies indicate that TAMs are primarily polarized to an M2-like phenotype in response to the tumor microenvironment (20) . In addition, TAMs were reported to express high levels of Arg-1, PPAR and CD206 and low levels of the pro-inflammatory molecule TNF-α (8) . To analyze the effects of RIP140 on TAMs, we overexpressed RIP140 in TAMs. qRT-PCR was used to detect the mRNA expression of RIP140, Arg-1, PPAR, CD205 and TNF-α. As expected, overexpression of RIP140 in TAMs inhibited the expression of Arg-1, PPAR and CD206, which are closely related to the M2-like polarization phenotype of macrophages, and promoted the expression of TNF-α (associated with the M1 phenotype) (Fig. 2D) .
Overexpression of RIP140 in TAMs suppresses invasion and induces apoptosis of HCC cells.
It has been well documented that M2-like TAMs promote HCC proliferation and metastasis (8, 9) . In the present study, we found that overexpression of RIP140 in TAMs suppressed HCC microenvironmentmediated M2-like polarization of TAMs. To investigate whether RIP140 overexpressed in TAMs could inhibit migration and promote apoptosis of HCC cells, we performed Transwell assays and flow cytometric analysis. The Transwell assays further demonstrated that overexpression of RIP140 in TAMs greatly inhibited the invasion of HepG2 and Huh7 cells (Fig. 3A) . Flow cytometry showed that overexpression of RIP140 in TAMs induced apoptosis in the H22 cells (Fig. 3B) .
Overexpression of RIP140 in TAMs suppresses the growth of H22 subcutaneous tumors in BALB/c nude mice.
To determine the effects of RIP140 in macrophages on tumor growth, we established a subcutaneous tumor model in mice (n=16). Subcutaneous tumor models were prepared by subcutaneous injection of H22 cells combined with homologous PMs at a ratio of 4:1. As shown in Fig. 4A , compared with control macrophages, macrophages overexpressing RIP140 significantly inhibited the growth of H22 subcutaneous tumors. Consistently, the weight and volume of the tumors with RIP140-overexpressing macrophages were less than the weight and volume of tumors with control macrophages (Fig. 4A) . Additionally, hematoxylin and eosin (H&E) staining further demonstrated that overexpression of RIP140 in TAMs inhibited tumor growth compared with tumors in the control mice. We observed a large necrotic area (red arrows) in control tumor sections, which indicates that H22 cells rapidly proliferated (Fig. 4B) . In addition, PCNA and vascular endothelial growth factor (VEGF) immunohistochemical staining in the RIP140-overexpressing tumor sections was significantly less than that in tumors of the control mice. The red arrows point to the PCNA-or VEGF-positive cells (Fig. 4B) . Taken together, our data suggest that overexpression of RIP140 in TAMs inhibits HCC growth in vivo.
RIP140 overexpression in TAMs inhibits the growth of HCC cell lines by suppressing the NF-κB/IL-6 axis in
TAMs. Numerous studies have reported that the tumor microenvironment activates the NF-κB pathway in TAMs, which is the well-known transcriptional controller of IL-6. The activation of the NF-κB/IL-6 pathway in TAMs is closely related to tumor growth (21) (22) (23) . Therefore, we investigated the expression of the NF-κB/IL-6 axis in RIP140-overexpressing TAMs. As expected, the tumor microenvironment activated the NF-κB/IL-6 axis in TAMs and increased the protein expression of phosphorylated p65 (p-p65), phosphorylated c-jun (p-c-jun) and TRAF3 (Fig. 5A) . Previous studies suggest that p-p65, p-c-jun and TRAF3 are closely related to the NF-κB/IL-6 axis and macrophage polarization (24, 25) . Conversely, RIP140 overexpression in TAMs inhibited the NF-κB-/IL-6 axis and decreased the protein level of p-p65, p-c-jun and TRAF3 (Fig. 5A) . The IL-6 results were essentially in agreement with the above figures (Fig. 5B) . This finding indicates that RIP140 overexpression in TAMs inhibited the growth of HCC cell lines probably by suppressing the NF-κB/IL-6 signaling pathway in TAMs. Transforming growth factor (TGF)-β is closely related to tumor progression and metastasis (26) . However, whether TGF-β is a tumor promoter or suppressor is still unknown (27, 28) . It has been reported that TGF-β in the tumor microenvironment facilitates the alternative activation of macrophages and promotes tumor growth (8, 29) . In the present study, we detected TGF-β protein expression in TAMs. As shown, RIP140 overexpression decreased the tumor microenvironment-stimulated TGF-β expression in TAMs (Fig. 5A) . Therefore, we hypothesize that the TGF-β-promoted tumor growth was not only related to the TGF-β secreted by tumor cells but was also related to the high expression of TGF-β in TAMs. Of course, this hypothesis needs further confirmation.
Low expression of RIP140 in TAMs of human HCC tissues.
To detect the expression of RIP140 and F4/80 in human HCC samples, the paraffin sections of human HCC tissues (n=60) were assessed by immunohistochemistry and immunofluorescence ( Fig. 6A and B) . As shown in Fig. 6A , the protein expression of RIP140 in the cancer tissues was lower than that noted in adjacent non-tumor tissue. In contrast, the protein expression of F4/80 in cancer tissues was higher than that noted in adjacent non-tumor tissue. The expression level of RIP140 in macrophages was scored by evaluating the number of RIP140 + -F4/80 + cells (both positive for RIP140 and F4/80) in relation to the total number of cells. As shown in Fig. 6B , the expression of RIP140 in macrophages (F4/80-positive cells) was significantly lower in the HCC specimens than that noted in adjacent non-tumor specimens, indicating low expression of RIP140 in TAMs of human HCC samples. cells. As expected, RIP140 protein expression in peripheral mononuclear cells from patients with HCC was significantly lower than that from healthy subjects (Fig. 7A) . In fact, the positive expression rate of F4/80 in human HCC samples increased with the TNM stage (Fig. 7B) . This indicates that a large number of macrophages with low RIP140 expression accumulate in HCC tissues. In addition, low RIP140 expression and high F4/80 expression were found to be closely correlated with shorter survival time (Fig. 7C) .
Discussion
Tumor-associated macrophages (TAMs) and their alternative activation contribute greatly to the development of HCC (8) (9) (10) . RIP140 is a nuclear receptor co-regulator that is widely expressed in macrophages and regulates macrophage-mediated energy metabolism, inflammatory response and tumorigenesis (12) (13) (14) (15) (16) . However, whether RIP140 is involved in the activation and function of TAMs has not yet been reported. In the present study, for the first time, we found decreased expression of RIP140 in TAMs after treatment with an HCC microenvironment, which facilitated alternative activation of the macrophages and accelerated tumor growth. Our data provide a previously unrecognized link between RIP140 and TAM-related inflammation in HCC, and mark RIP140 as a potential target in HCC immunotherapy that may promote macrophage-mediated antitumor immunity. The present study presents the following evidence to support these conclusions.
Firstly, we found that HCC-conditioned medium (HCM) inhibited RIP140 expression and fostered the alternative activation of macrophages. Previous studies have found that RIP140 mediated macrophage polarization, which plays essential roles in regulating the inflammatory response (13, 14) . Overexpression of RIP140 in macrophages promoted macrophages to M1-like polarization and expand the inflammatory response. Conversely, lowering the level of RIP140 in macrophages not only reduces M1-like macrophages but also expands alternative polarization, which promotes endotoxin tolerance (ET) and relieves inflammation (13, 15, 16) . We found that HCM decreased the expression of RIP140 in TAMs. Therefore, we suspected that the HCC microenvironment-mediated macrophage M2-like polarization may be closely related to the low expression of RIP140 in macrophages. To verify the above hypothesis, lentiviral-mediated transfection was performed to induce RIP140 overexpression in TAMs.
Secondly, RIP140 overexpression in TAMs significantly inhibited the alternative activation of macrophages and suppressed HCC cell growth both in vitro and in vivo. Visibly, the effect of the tumor microenvironment promoted TAMs to M2-like polarization and was closely related to decrease RIP140 expression in TAMs. Therefore, one important question is how RIP140 regulates TAM polarization and further affects tumor growth. Previous studies have shown that the TAM effect on the growth of tumors is associated with a TAM-mediated tumor microenvironment immune response, particularly related to the activation of the NF-κB/IL-6 axis. The high level of IL-6 that induces 'parainflammation' in the tumor microenvironment is the most important reason for the promotion of tumor growth by TAMs (30) (31) (32) . Our data revealed that overexpression of RIP140 in TAMs suppressed the NF-κB/IL-6 axis and reduced the release of IL-6 into the tumor microenvironment, which is one of the important reasons why RIP140 inhibited the growth of HCC in vivo and in vitro.
Finally, in order to evaluate RIP140 clinical values, we performed various related experiments using tissue and blood samples of patients with HCC or healthy volunteers. Our data indicated that RIP140 was poorly expressed in TAMs of human HCC tissues, which predicted poor patient survival. In the present study, we reproduced the findings regarding human peripheral mononuclear cells in TAMs (9) . However, we think that our methods may not be precise. The best method is to directly extract the TAMs from fresh HCC tissues or adjacent non-tumor tissues to perform further studies (11) . Due to technical reasons and limited experimental conditions, this research was not able to be satisfactorily completed.
In conclusion, our results demonstrated that the tumor microenvironment inhibits the transcription of RIP140 in TAMs, which promotes M2-like TAM polarization and HCC growth. Overexpression of RIP140 in TAMs suppresses HCC growth in vivo and in vitro. In addition, we found that there is a low expression level of RIP140 in TAMs of human HCC tissues, which predicts poor patient survival. These findings suggest that RIP140 plays a role in TAMs and may provide a new strategy for HCC treatment.
